The initial coda of teleseismic P-waves 
INTRODUCTION
The Australian continent is largely flat lying and has been subject to a long period of erosion resulting in over half of the continent being covered by sediment (Figure 1 ). The thick sediment cover often precludes the use of surface geology to study the tectonic evolution of the continent and also affects most forms of geophysical measurement. Gravity and magnetic datasets have been used to link outcropping geology to that covered by sediment and so draw inferences about the structure of the upper crust and the evolution of the continent (Wellman 1995 (Wellman , 1998 Shaw et al. 1996; Myers et al. 1996) . Quantifying the thickness of sediment cover may be as important as understanding the crustal structure beneath it: thick sediment cover insulating a highly radiogenic basement has been shown to affect heat flow and so influence lithospheric strength with implications for tectonic deformation (Cull & Conley 1983; Sandiford & Hand 1998) .
Detailed images of crustal structure can be provided by seismic exploration (reflection and refraction techniques) (Mathur 1974; Drummond 1981; Finlayson et al. 1984; Drummond & Collins 1986; Goleby et al. 1988 Goleby et al. , 1990 , but due to the expense of conducting such a survey they provide only limited coverage of the continent. Previous shear-wave crustal models for Australia are summarised by Denham (1991) : shear velocities are in the range 3.4-3.6 km/s for the upper crust, 3.8-4.2 km/s for the lower crust and 4.6 km/s in the uppermost mantle. Crustal thickness from previous shear-wave models falls in the range 38-40 km, although as these results are obtained from averaging large regions of crust they do not reveal local changes in seismic velocity or crustal thickness. Passive source experiments have exploited the distribution of earthquakes around Australia, primarily to investigate the structure of the upper mantle. For a review of these studies see Kennett (1997) .
Most recently the portable broadband stations of the SKIPPY project (van der Hilst et al. 1994) have been used to supplement the sparse network of permanent broadband stations (Figure 1 ) to investigate the three-dimensional structure of the lithosphere and mantle beneath the Australian continent (Zielhuis & van der Hilst 1996; Widiyantoro & van der Hilst 1996; Kennett 1997; van der Hilst et al. 1998) . The SKIPPY project is primarily designed to exploit surface waves to target the mantle and is restricted to low frequencies (<25 mHz for fundamental mode surface waves) to avoid the contaminating (e.g. scattering and multipathing) effects of crustal heterogeneity. Long-period surface waves are sensitive to crustal structure but cannot resolve it; to account for the crustal structure a crustal correction is applied. Thick sedimentary basins may account for a large portion of the total crustal signature (Mooney et al. 1998; Laske & Masters 1997) . The application of an accurate crustal correction that adequately accounts for the effects of sediments and crustal structure is important.
Using high-quality datasets, such as that from the SKIPPY project, we can also recover independent information about the near-surface structure. Not only is this useful to understand the evolution of the continent, but also provides an important complement to surface-wave studies as well as other applications such as earthquake location and modelling crustal heat production. The receiver-function technique (Langston 1979 ) has been applied to body waves, recorded at the temporary broadband stations of the SKIPPY and KIMBA projects and permanent broadband stations to investigate crustal structure directly beneath each station (Shibutani et al. 1996;  Clitheroe in press). A one-dimensional model of the shear velocity beneath each station is produced with the primary target of these studies being the depth to the Mohorovicic (Moho) discontinuity, that seismologically defines the crust-mantle boundary.
The resulting suite of 65 shear-velocity models for the crust and uppermost mantle beneath Australia can also provide information about other significant crustal discontinuities (such as the transition from sediment to upper crust or basement or the presence of a mid-crustal Conrad discontinuity). Here we summarise information about soft sediment thickness and intracrustal structure contained in the receiver function dataset.
RECEIVER FUNCTIONS
Teleseismic P-waves arrive steeply at the receiver with the coda containing considerable information about the structure of the earth directly beneath a receiver. The waveforms contain information about the source (both the source-time function and the source orientation), the structure near the source, mantle path effects and near-receiver structure. The receiver-function technique isolates P-to-S conversions generated at discontinuities directly beneath the recording site (Langston 1979) . The radial and vertical components of ground motion share the same source-time function so source and mantle path effects can largely be removed from the radial component by deconvolving the vertical component from the corresponding section of the radial component (source equalisation). The resulting receiver function may be inverted for a one-dimensional model of the shear-velocity structure of the crust and uppermost mantle beneath the receiver. This requires that the structure beneath the receiver is adequately represented by a plane-layer approximation; scattering from dipping layers may complicate interpretation in terms of one-dimensional structure. Receiver functions are now routinely used to recover the shear-wave velocity structure of the crust (Ammon & Zandt 1993; Searcy et al. 1996; Ellis et al. 1996) . The derivation of the crustal shear-velocity models used in this study have been discussed in detail elsewhere (Clitheroe et al. 1999 ) and we present only a brief summary here.
DATA AND METHOD
The SKIPPY project covers the continent in six major deployments (SK1-SK6) of temporary broadband threecomponent seismic stations and the KIMBA project consists of a deployment of 10 broadband stations in the Kimberley Block (Figure 1 ). In the application of the receiver-function technique to the SKIPPY, KIMBA and permanent station data we search for all events beyond 30°with sufficiently energetic P-wave arrivals. Source equalisation is performed for all suitable events recorded at a station. The vertical component is deconvolved from the radial component (equivalent to spectral division in the frequency domain) and a weighted stack of the resulting radialreceiver functions is then computed. The weighting emphasises the mean back-azimuth and incidence angle, as well as events with high signal-to-noise ratios. This weighting scheme allows us to preserve absolute amplitude of the converted phases, to the best possible approximation, and so recover more information about the near-surface velocities. This is at the expense of any information about three dimensional structure (e.g. dipping layers) beneath the receiver. Examples of stacked radial receiver functions are shown in Figure 2 .
We use the Genetic Algorithm for Receiver-Function Inversion (GARFI) technique (Shibutani et al. 1996) to model observed receiver functions. Conventional linearisation schemes are generally dependent on the starting model (Ammon et al. 1990) . Using the random processes of the genetic algorithm to drive the receiver-function inversion can help to overcome this dependence. We model the crust and uppermost mantle down to 60 km in six layers (Figure 3) . The parameters in each layer are: thickness, S-wave velocity at the upper and lower boundary, and the VP/VS ratio. The S-wave velocity in each layer is a linear interpolation of the upper and lower boundary velocities. The result is a sequence of constant velocity gradients separated by discontinuities. This parameterisation results in searching a very large model space, with the flexibility to accommodate many classes of models, at the expense of increased computer time. For each radial receiver function we search 10 000 models and produce an average model of the shear-wave velocity for the crust and uppermost mantle, weighted by inverse misfit, from the 1000 bestfitting models. This procedure is repeated five times resulting in searching 50 000 models at each station. We compare the resulting five average models to assess the stability of the modelling. For the purposes of the current study we have selected a representative average velocity model for each station. Average velocity models for stations SD09, SB01, SF06 and SE04 are shown in Figure 4 . Synthetic testing (Shibutani et al. 1996) showed that the GARFI technique is able to recover S-wave velocities deep in the crust (Ն25 km) and in the near surface (Յ3 km) very well, with a slight reduction of accuracy at mid-depths. Here we concentrate on the near-surface (sediments) and upper crustal structure.
RESULTS
In total we have shear-velocity models for the crust and uppermost mantle beneath 65 stations. A summary of the velocity models is available at http://rses.anu.edu.au/ seismology/. A low-velocity sediment layer is observed at 23 stations. Thickness of the sedimentary layer ranges from 0.29 to 1.71 km and average shear velocities are in the range 0.7-1.4 km/s. The basement layer [equivalent to the hard sediment layer in CRUST 5.1 (Mooney et al. 1998) ] has a thickness range of 0.41-3.00 km and the average shear velocities are in the range 1.74-3.13 km/s. The upper crust is 5-20 km thick and average shear velocities are in the range 2.99-3.86 km/s. The mid crust is also 5-20 km thick with average shear velocities in the range 3.45-4.31 km/s.
To group the shear-wave models we use an updated version (Wellman 1998) of the mega-element map of Australia . The mega-elements group the geophysically defined crustal elements into seven large cratonic regions that have had a similar geological history since formation. Figure 5 shows the 65 shear-wave models grouped by mega-element. We present the shearvelocity to 40 km depth. In the mega-elements that we sample well ( Figure 5 , WA, NA, SA, T) there is considerable scatter in the models in each region. There does not appear to be a single representative class of model for each megaelement. This may be due to the mega-elements grouping crustal elements with differing upper crustal properties into cratonic regions. We do not have sufficient spatial coverage of the continent to group models using the crustal elements so the mega-elements present the best compromise. Models in elements WA, CA, NA and SA show, in Figure 5 Seismic velocity models for all stations, grouped into megaelement regions. WA, western Australia; CA, central Australia; NA, northern Australia; SA, south Australia; T, Tasman; NE, New England. We have no models for the Pinjarra mega-element in the far west of Australia. The megaelement map is a simplified version of that given by Wellman (1998).
general, a thin sedimentary or basement layer underlain by a steady increase in velocity through the upper and lower crust. Models in elements T and NE are more complex. There is a predominance of thicker, slow sediments and a prominent mid-crustal discontinuity present in most models between 10 and 20 km depth.
The results of the modelling are confirmed by a visual inspection of the observed data. Stations that have a sediment layer exhibit a receiver function that is complex with relatively high-amplitude arrivals immediately after the direct P-wave arrival at zero seconds (Figure 2 , stations SD07, SD09, SB01). The complexity is likely to be caused by low-velocity soft sediments overlying a higher velocity basement layer. Stations that have outcropping basement in the near surface, without an overlying sediment layer, show much simpler receiver functions with a direct P-wave arrival at zero seconds, a Moho conversion at ~4-5 s and only a small amount of reverberated energy in the region 0-4 s (Figure 2, SF06, SE04 ).
DISCUSSION Sediments
The Australian continent can be roughly divided into three major geomorphic divisions (Palfreyman 1984) : the Western Plateau, the Interior Lowlands and the Eastern Uplands (Figure 6 ). The Interior Lowlands form a major drainage system. They are flat and low lying with deeply weathered sediments and floodplains, bounded to the east and west by low relief erosional features. The Eromanga Basin, that forms the central portion of the Interior Lowlands ( Figure  6 ), is characterised by continental and marine sediments up to 3.5 km thick. Seismic refraction profiling from the Eromanga-Brisbane Geoscience Transect indicates that the low-velocity sediments (P-wave velocity of 2.0-4.3 km/s) of the Eromanga Basin form a continuous cover along the entire traverse from 2.4 km thick in the west to 1.1 km thick in the east (Collins & Lock 1990) .
A sediment and basement layer are included in our modelling and we may expect to recover the low-velocity sediment structure with good accuracy due to the velocity contrast compared to underlying basement. Sediment is generally used to refer to surficial material that has been compacted and possibly slightly metamorphosed during burial and then re-exposed by erosion (Wolf & Palfreyman 1979) . We cannot easily differentiate compacted sediment from crystalline basement on the basis of shear-wave velocity: a compacted sediment may have a seismic velocity similar to weathered crystalline basement. In the following discussion we refer to low-velocity sediments as soft sediments (e.g. uncompacted alluvium, clays and desert sands) to differentiate them from compacted sediment. A plot of soft sediment layer thickness (for the 23 stations that exhibit one) shows that the majority of these stations are located in the Interior Lowlands and that the greatest thickness of soft sediments (1.71 km) occurs in the Eromanga Basin (Figure 6 ).
Stations in the Eucla Basin and at the margins of the Western Plateau and Eastern Uplands also exhibit a thin sediment layer (Figure 6 ). The Eucla Basin contains deposits of marine sediments including extensive limestone deposits (Palfreyman 1984) . The two stations located in the Eucla Basin (Figures 1, 6 ; stations SD07, SD08) exhibit strong ringing in the receiver function (the receiver function for SD07 is shown in Figure 6 ) that make characterisation of the deeper crustal structure unstable (Clitheroe et al. 1999) . We are, however, able to recover the sedimentary structure and it seems likely that the ringing observed may be due to shallow high-velocity limestone deposits, overlain by a low-velocity sediment layer.
There is a generally good correspondence between locations of models that have a basement layer at the surface (no low-velocity soft-sediment cover) and the mapped outcrop of crystalline basement (Figure 7 ). These stations are mostly located on topographically high regions ( Figure 6 ). This points to a continuing process of erosion from topographical highs with the material being deposited in the drainage systems formed by topographical lows and continental downwarps.
Magnetisation
In eastern Australia, Wellman (1995 , 1998 found a correlation between magnetisation and P-wave velocity in the upper crust. Ignoring the sedimentary uppermost part of the crust and using velocities for the upper crust Wellman found that domains of magnetic upper crust have a higher than average P-wave velocity (>6.1 km/s) than zones of low magnetisation upper crust. Average upper crustal shearvelocity is shown with regions of high magnetisation upper crust in Figure 8 . The velocity shown is an average of layer 3, the upper crust, in our models (Figure 3 ) and excludes the sediment and basement layers. This provides the best comparison to the upper crust velocities used by Wellman. We do not observe a clear correlation between average upper crustal shear-velocity and magnetisation (Figure 8) . It is of note that the areas of thick soft sediment observed in the Interior Lowlands ( Figure 6 ) coincide with Wellman's zone of low magnetisation (Figure 8 ). It is possible that the zones of low magnetisation are simply the result of the magnetic signal being muted by the overlying sediments.
Conrad discontinuity
Reflection and refraction profiling in the Eromanga Basin has revealed a mid-crustal discontinuity at 21-24 km depth, possibly the Conrad discontinuity (Finlayson et al. 1984) . While the GARFI does not recover mid-crustal structure as accurately as the near-surface or Moho (Shibutani et al. 1996) a prominent mid-crustal discontinuity, such as the Conrad discontinuity, will be recovered in the modelling. In the shear-velocity models for the Tasman (T) megaelement ( Figure 5 ) there is a clear mid-crustal discontinuity at ~20 km depth. Above the discontinuity the upper crust is complex with low-velocity zones and thick basement and sediment. Below the discontinuity the velocity models resemble those observed at similar depth in the other megaelements. In the New England (NE) mega-element a similar discontinuity is observed between 10 and 15 km depth. There is not a similar mid-crustal discontinuity in the mega-elements to the west of the Tasman mega-element.
It has been suggested that eastern Australia, including the Lachlan Fold Belt, formed on a thin quasi-continental substrate no more than 15-25 km thick (Coney et al. 1990; Collins & Vernon 1994) and that during formation there has been considerable crustal shortening and deformation concentrated in the upper crust. During shortening, the upper crust is mechanically decoupled from the lower crust by a mid-crustal décollement. It is possible that the midcrustal discontinuity (Conrad discontinuity?) observed throughout the Tasman and New England mega-elements is the present-day seismic expression of the mid-crustal décollement. This could account for the mid-crustal discontinuity, the complexity of the models above the discontinuity and the apparently 'normal' velocity structure below it.
CONCLUSIONS
Receiver-function modelling at broadband stations evenly distributed across Australia has provided a set of 65 models of crust and uppermost mantle shear-velocity structure. The information contained in these models provides a useful complement to other geophysical studies of the Australian continent. Grouping the receiver-function shear-velocity models using the mega-elements does not reveal a class of velocity model that is representative for the upper crustal structure of each mega-element. This probably reflects that the mega-elements group separate crustal elements that have had a similar history since cratonisation and provides support for a mobilistic view of Australian tectonics (Myers et al. 1996) .
A good correlation is seen between stations that exhibit no soft sediment layer and the outcrop of crystalline basement. There is a predominance of soft sediment associated with topographical lows, particularly in the interior lowlands. The thick soft sediment cover in this region may bias the estimation of heat-flow and mask magnetic anomalies in this region, complicating their interpretation.
There is evidence for intracrustal structural differences between the Phanerozoic Tasman Orogen and the Precambrian cratons to the west. A prominent mid-crustal (Conrad) discontinuity in the Tasman Orogen may represent the upper boundary of a Proterozoic continental substrate on which the Tasman orogen accreted. Consideration of these results in models of the evolution of Australia may be a key to understanding broad-scale structural differences between eastern and western Australia and the underlying mantle.
